Coverdale NS, Lalande S, Perrotta A, Shoemaker JK. Heterogeneous patterns of vasoreactivity in the middle cerebral and internal carotid arteries. Am J Physiol Heart Circ Physiol 308: H1030 -H1038, 2015. First published February 27, 2015 doi:10.1152/ajpheart.00761.2014This study compared changes in cross-sectional area (CSA) and flow (Q) between the middle cerebral artery (MCA) and the internal carotid artery (ICA) at baseline and during 5 min of hypercapnia (HC; 6% CO2) and hypocapnia (HO; hyperventilation) and quantified how these changes contribute to estimates of cerebrovascular reactivity (CVR). Measures of MCA CSA were made using 3T magnetic resonance imaging. On a separate day, MCA flow velocity was measured with transcranial Doppler ultrasound and ICA diameters and flow velocity were measured with duplex ultrasound. Fourteen subjects (23 Ϯ 3 yr, 7 females) participated, providing data for 11 subjects during HC and 9 subjects during HO. An increase in MCA CSA (P Ͻ 0.05) was observed within the first minute of HC. During HO, the decrease in MCA CSA (P Ͻ 0.05) was delayed until minute 4. No changes were observed in ICA CSA during HC or HO. The relative changes in QICA and QMCA were similar during HC and HO. Therefore, the MCA, but not ICA, dilates and constricts during 5 min of HC and HO, respectively. The consequent impact on QMCA significantly affects estimates of CVR, and reactivity cannot be attributed solely to changes in smaller arterioles. middle cerebral artery; internal carotid artery; transcranial Doppler ultrasound; magnetic resonance imaging; cerebrovascular reactivity IT IS WELL KNOWN THAT THE cerebral vessels demonstrate high sensitivity to levels of carbon dioxide (CO 2 ) (7), but the exact mechanisms of this reactivity have yet to be elucidated (1, 12, 19) . The relative change in flow or flow velocity to a given change in end tidal CO 2 (ET CO 2 ) is a standard measurement known as cerebrovascular reactivity (CVR) that reflects the health of the cerebrovascular system (11) and the risk for a future ischemic event (14). The relative contributions of subcortical and intraparenchymal vessels to estimates of CVR remain unknown, and the reactivity is generally attributed to the pial or intraparenchymal vessels. Yet, estimates based on the fall in pressure from the aorta indicate that the large subcortical or cerebral arteries contribute as much as 50 -60% to cerebrovascular resistance (5). Thus understanding their reactivity to changes in CO 2 has important implications for determining cerebrovascular health.
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The contribution of the conduit vessels to CVR remains unclear in intact humans due to lack of access to direct in vivo assessment of these vessels. This limitation has led to reliance on transcranial Doppler ultrasound (TCD) to assess cerebral vasomotor control, a method that is applied easily and provides excellent temporal resolution of cerebral blood flow velocity (CBFV). Although the total power of the Doppler signal has been used to account for possible changes in middle cerebral artery (MCA) cross-sectional area (CSA), TCD cannot quantify cerebral blood flow (CBF) because the CSA of the insonated vessel cannot be visualized directly. Thus CBFV is accepted as a suitable analog of CBF. This supposition is supported by earlier magnetic resonance imaging (MRI) studies in which changes in MCA diameter were not observed during hypocapnia [HO: hyperventilation to 24 mmHg (13) and 27 mmHg (17) ] or hypercapnia [HC: ET CO 2 increased to 45 mmHg (13) ].
Recently, we used 3T MRI and a 32 channel head-coil to enhance resolution and observed a statistically significant change in MCA diameter of 8 Ϯ 3% during HC (ET CO 2 increased 9 mmHg above baseline) and a decrease in diameter of 4 Ϯ 4% during HO (ET CO 2 decreased by 13 mmHg) (4) . Thus concurrent measures of CBFV alone using phase contrast imaging or TCD underestimated the true CBF by as much as 20% (4) . These observations were based on assessment of the maximal CSA during 5-min periods of HC and the minimal CSA during hyperventilatory HO. These MCA diameter changes were replicated at 7T during HC by an independent group who reported a 7 Ϯ 3% diameter change when ET CO 2 was kept constant at 15 mmHg above each subject's baseline (18) . The time course of dilation and the contribution of the MCA to changes in CVR remain fundamental to gaining greater understanding of the contributions of these vessels vs. downstream segments of the vascular tree to cerebrovascular control.
The internal carotid artery (ICA) diameter changes by ϳ20% over a range of partial pressures of CO 2 (Pa CO 2 ) from 15 to 65 mmHg while the partial pressure of oxygen (PO 2 ) was clamped (20) . However, the timing of this response is unknown as the diameter measures were made after 12-15 min of CO 2 stimulus. Since the ICA can be insonated by the more costeffective and accessible method of ultrasound, it would be useful to determine if the changes in the ICA CSA during HC and HO mimic the changes in the MCA.
The purposes of this study were to determine the time course of the change in CSA and flow of the MCA and ICA over 5 min of HC and HO in healthy individuals and to study the contributions of MCA CSA data to the estimation of CVR values. We also estimated wall shear stress (WSS) to quantify how flow-mediated effects may contribute to the vascular responses.
MATERIALS AND METHODS
Fourteen subjects (23 Ϯ 3 yr, 7 females) gave informed consent to participate in this study that was approved by the Health Sciences
Research Ethics Board at Western University and performed in accordance with the Declaration of Helsinki. Subjects were nonsmokers, were not on any medications, and had no history of cardiovascular disease.
Experimental Protocols
Subjects participated in 2 test days: 1) a Lab day where TCD of the MCA and duplex imaging of the ICA were performed, and 2) a separate MRI day. The Lab and MRI days were matched for time of day. Subjects were asked to refrain from alcohol, caffeine, and physical activity for 12 h before testing. The protocol on each test day consisted of 5 min of baseline measures (Pre HC and Pre HO) followed by 5 min of hypercapnia (HC) or hypocapnia (HO) (the order of which was counterbalanced across participants) and then a 3-to 4-min recovery period to allow ET CO 2 levels to return to normal. The PO2 was not clamped during the ETCO 2 manipulations. Another 5-min baseline was then performed followed by the ETCO 2 manipulation that had yet to be performed. For HC, subjects breathed air composed of 6% CO2, 21% oxygen, and 72% nitrogen. Hypocapnia was induced by hyperventilation at 30 breaths/min guided by a metronome. Previous use of these protocols in our laboratory suggested that ET CO 2 levels remain fairly constant (within ϳ1-2 mmHg) over the 5 min during each manipulation (4).
Measurements
Lab session. Heart rate was acquired from standard ECG. Finger arterial blood pressure was measured continuously (Finometer; Finapres Medical Systems, Amsterdam, The Netherlands). The brachial blood pressure waveform was corrected to brachial sphygmomanometric values. Breathing frequency and ET CO 2 were monitored continuously with a respiratory strain gauge and a gas analyzer (ML206; ADInstruments, Colorado Springs, CO) respectively. Right middle cerebral artery velocity (MCAv) was measured in a supine position (2-MHz pulsed wave TCD probe; Neurovision, Multigon Industries, Elmsford, CA). The average depth of insonation was 4.8 Ϯ 0.3 cm.
Duplex ultrasound imaging was used to record the right ICA flow velocity (ICAv) (Doppler ultrasound, 4.7-MHz probe) continuously while a longitudinal image of the vessel was taken every minute during baseline and each protocol (10-MHz probe; Vivid 7 system; GE Healthcare Canada, Mississauga, ON, Canada). The ICA recording site was at least 1 cm superior to the carotid sinus. Velocity waveforms were processed to produce an analog signal of the instantaneous weighted mean flow velocity. The two-dimensional echo ultrasound images were stored for analysis with EchoPAC software (GE Healthcare Canada, Mississauga, ON, Canada).
MRI session. A 3T MRI (Magnetom Prisma; Siemens Medical Solutions, Erlangen, Germany) was used to image the MCA. A three-dimensional time of flight pulse sequence was used to identify the M1 segment location for application of a T2 fast spin echo sequence (8 slices, repetition time ϭ 3,000 ms, echo time ϭ 96 ms, flip angle ϭ 120°, and voxel dimensions ϭ 0.4 ϫ 0.4 ϫ 2.0 mm 3 ) for image acquisition. Collection of an image took ϳ1 min and was gated to the peak of the pulse wave at the finger derived from an MRIcompatible pulse oximeter (8600FO MRI; Nonin Medical, Plymouth, MN) as measured at the right third finger. Respiration was monitored with a strain gauge around the upper abdomen and ET CO 2 data were collected as described during the Lab session.
Data Analysis
Three systolic and three diastolic diameters were measured for each ICA image by a blinded observer and an average of the three was taken. The accuracy of measurement was confirmed by a second blinded observer using images from four participants across the range of image quality (a total of 92 images) producing an intraclass correlation coefficient (ICC) of 0.89 (P Ͻ 0.001). A mean diameter was then calculated as follows:
Internal carotid artery flow (Q ICA) was determined as:
2 } ϫ 60 (s/min). From the sagittal images, the MCA CSA was measured manually in triplicate by each of two blinded observers using Osirix imaging software (Pixmeo, Bernex, Switzerland; ICC of 0.96; P Ͻ 0.001), and the data from both observers were averaged and reported. An estimate of blood flow in the MCA (Q MCA) was determined as follows: QMCA (ml/min) ϭ MCAv (cm/s) ϫ CSA (cm 2 ) ϫ 60 (s/min). The reproducibility of MCA flow velocity responses to HC and HO has been established in our hands under laboratory and MRI conditions, albeit with separate modalities (i.e., TCD and phase contrast imaging) (4). Therefore, Q MCA data were based on MCAv and CSA data that were collected on separate days. When reported, the MCA diameter was calculated from the measured CSA value. The percent change (%⌬) in CSA between baseline and HC or HO time points was also calculated for the ICA and the MCA.
Flow indexes for each vessel are reported both as absolute values and as %⌬ to account for differences in baseline flow. Cerebrovascular conductance (CVC) was calculated for the ICA and the MCA as the quotient of flow and mean arterial pressure (MAP). CVR was calculated for both arteries as the %⌬ in flow from baseline per millimeters of mercury change in ET CO 2 at each minute of the 5-min period during HC and HO. Wall shear stress was calculated for the MCA and the ICA at baseline and each minute of HC and HO as follows: WSS (, dyn/cm 2 ) ϭ 4 ϫ ϫ Q/r 3 ϫ , where is the blood viscosity (0.009 Poise), Q is flow (ml/min), and r is the radius of the inside of the artery (cm) (3).
All variables were similar in the baseline periods of the Lab and MRI sessions so an average of this 5-min period is reported for heart rate, blood pressure, breathing frequency, ET CO 2 , MCAv, ICAv, QICA, QMCA, CVC, CVR, and WSS indexes. The values during HC and HO are reported for each minute over the 5-min period.
Statistical Analysis
The effects of HC or HO on the time course of MCA and ICA changes in CSA, with the corresponding ETCO 2 , heart rate, and respiration outcomes, were characterized first using one-way repeated measures ANOVAs (main effect of time; SigmaStat 12.0; Systat Software, San Jose, CA). Subsequently, the effects of HC and HO on MCA and ICA over time were assessed using a general linear mixed ANOVA model (main effects of artery). Additionally, comparisons among Lab values of ET CO 2 , heart rate, and respiration to MRI values over time were performed with general linear mixed ANOVA (main effect of experimental session). The effect of HC and HO on the index of WSS was examined using one-way repeated measures ANOVA. The probability level for statistical significance was P Ͻ 0.05 and significant main effects or interactions were assessed using Tukey's post hoc test. A post hoc power analysis was performed with G*Power 3.1 (6) specifying two tails, an ␣-value of 0.05, the sample size and the effect size (Cohen's d).
RESULTS
Clear MCA images and complete data for MCAv and Q ICA were obtained from 11 participants (23 Ϯ 3 yr, 5 females) during HC at baseline and sample sizes at each of the 5 time points were 9, 10, 9, 9, and 8, respectively. The Pre HO sample size was 9 (23 Ϯ 3 yr, 4 females), and the sample sizes at each of the 5 time points were 8, 9, 8, 9, and 5, respectively.
During HC there was a main effect of time for all blood pressure variables, heart rate, respiration rate, ET CO 2 , and CVC but there was no effect of artery (Table 1) . Thus the experimental stimuli and conditions were replicated for each of the two protocols within the same session that studied the MCA and the ICA responses. When the MCA, ICA, and MRI protocols were compared, there was a trend for a main effect of experimental session for respiration rate (P ϭ 0.06) and no differences for ET CO 2 or heart rate.
Compared with baseline, a main effect of time was observed during HO for heart rate, respiration rate, and ET CO 2 but not for blood pressure variables and there was no effect of artery for any of these variables when the ICA and MCA protocols were compared (Table 2) . However, main effects of time and artery were observed for CVC where constriction of the downstream vascular bed was observed in both vessels but overall levels were greater in the ICA. During HO, there was a main effect of experimental session when comparing the MCA, ICA, and MRI protocols for ET CO 2 (P ϭ 0.05) and no differences in heart rate or respiration rate. Table 3 shows the changes in heart rate and respiration rate during HC and HO in the MRI session. In the MRI during HC, heart rate was increased compared with baseline at minutes 2 to 5 of HC (P Ͻ 0.05). Additionally, respiration rate was increased at minutes 4 and 5 compared with minute 1 of HC (P ϭ 0.04 for each). Compared with baseline, heart rate was elevated at all time points of HO (P Ͻ 0.05) except minute 5. By design, breathing rate was elevated at all time points in HO (P Ͻ 0.001). Figure 1A shows the time course of the MCA CSA response to HC. The MCA CSA increased progressively above baseline over the 5 min of HC (P Ͻ 0.05). Compared with baseline (5.8 Ϯ 1.1 mm 2 ), the largest MCA CSA (6.8 Ϯ 1.3 mm 2 ; ϩ14 Ϯ 8%) occurred at 4 min of HC. A main effect for time (P ϭ 0.05) was observed for the ICA CSA response to HC (Fig. 1B) , but no pairwise comparisons reached significance despite ET CO 2 levels that were greater than baseline at each time point (P Ͻ 0.001). Main effects of time (P Ͻ 0.001) and artery (P Ͻ 0.001) were observed for %⌬ICA and %⌬MCA CSA (Fig. 1C) . In terms of Q ICA and Q MCA , a main effect of time (P Ͻ 0.001) and a trend for a difference between arteries (P ϭ 0.07) were observed during HC (Fig. 1D) . The %⌬Q MCA and %⌬Q ICA increased similarly with time (P Ͻ 0.001) in each artery (Fig. 1E) . Figure 2A illustrates the change in MCA CSA during HO. Compared with baseline, the MCA CSA was reduced from baseline (5.9 Ϯ 0.8 mm 2 ) only at minutes 4 (P ϭ 0.01 vs. baseline and P ϭ 0.003 vs. HO minute 1) and 5 (5.1 Ϯ 0.5 mm 2 at HO minute 5; 6 Ϯ 6%; P ϭ 0.03 vs. baseline and P ϭ 0.008 vs. HO minute 1). The ICA CSA was not different from baseline at any time point during HO despite significant and rapid reductions in ET CO 2 (Fig. 2B) . A main effect of time (P ϭ 0.02) was observed for %⌬CSA of the ICA and MCA during HO (Fig. 2C) . Main effects of time (P Ͻ 0.001) and artery (P ϭ 0.006) were observed for absolute Q ICA and Q MCA values during HO (Fig. 2D) but not for %⌬ of either value (Fig. 2E) .
During HC, a time ϫ method interaction was observed such that the %⌬MCAv was less than %⌬Q MCA and this effect was present after three min of HC (P Ͻ 0.02; Fig. 3A) . During HO, a main effect for time (P Ͻ 0.001) was observed indicating similar relative reductions in both MCAv and Q MCA.
Compared with baseline, MCA WSS was elevated at all HC time points (P Ͻ 0.01), and time points 2, 4, and 5 min were greater than 1 min (P Ͻ 0.03; Table 4 ). Compared with baseline, MCA WSS was reduced at all HO time points (P Ͻ 0.05). In the ICA, wall shear stress increased progressively during HC with time points 2 to 5 min being different from baseline (P Ͻ 0.001) and time points 4 and 5 min being greater than the first minute of HC (P Ͻ 0.05). During HO, the ICA WSS was reduced compared with baseline at all time points except minute 5 (P Ͻ 0.05).
The contributions of changes in CSA to the overall CVR outcome were examined by using MCAv and Q MCA to calculate CVR. After 5 min, CVR was 3.13 Ϯ 1.55%/mmHg when MCAv was used and 4.88 Ϯ 2.46%/mmHg using Q MCA (Fig. 4A) . This is a difference of 58 Ϯ 25% in CVR. With the use of ICAv and Q ICA to calculate CVR during HC resulted in very similar estimates to those calculated from Q MCA after 5 min, although the pattern of response appears to be different (using ICAv: 4.56 Ϯ 2.02%/mmHg and using QICA: 4.70 Ϯ 1.93%/mmHg at minute 5; Fig. 4A ). Hypocapnia elicited a similar CVR value at 5 min when it was calculated using ICAv, Q ICA , and MCAv despite a different response pattern between MCAv and estimates based on ICAv. Additionally, CVR calculated using Q MCA was smaller than any of the other estimates indicating that failure to account for MCA CSA changes leads to an underestimation of CVR to HO (Fig. 4B ).
DISCUSSION
The main findings of this study are as follows: 1) the CSA of the MCA increased by the first minute during HC, while a decrease in MCA CSA was not observed until the fourth minute during HO. 2) No change was observed in ICA CSA during these HC or HO stimuli despite large changes in Q, flow velocity, and WSS in each vessel and condition.
3) The corresponding relative changes in Q MCA and Q ICA were similar for both HC and HO. 4) The percent change in MCAv was less than the percent change in Q MCA during HC but not HO. 5) Failure to account for MCA dilation during HC underestimated CVR by 58%. These results indicate that the subcortical vessels dilate rapidly, contribute significantly to the change in cerebral vascular conductance during HC, and are important to the normal CVR response during HC. Additionally, the relative change in ICA flow corresponded well to the ipsilateral change in MCA flow rate as would be expected. Overall, the data illustrate a greater vasoreactivity of the MCA vs. the ICA in response to changes in ET CO 2 .
The baseline MCA CSA values observed in this study (5.8 Ϯ 1.1 mm 2 ), using a different complement of participants, are nearly identical to those observed in our previous work (5.9 Ϯ 0.8 mm 2 ) (4). Also, the 8 Ϯ 3%⌬ in MCA diameter An important observation of the current study was that the rapid change in MCA CSA following an increase in ET CO 2 was not matched by concurrent ICA dilation. The lack of change in ICA dimensions stands in contrast to the findings of Willie et al. (20) , who observed both a dilation during iso-oxic HC and constriction during iso-oxic HO. This between-study difference likely reflects the shorter stimulus used in the current study. Specifically, ICA diameter measurements were made during the first 5 min of the CO 2 challenge of the current study but after at least 12 min in the study of Willie et al. Also, the magnitude of the HC stimulus was ϳ30% greater (65 mmHg) in the study of Willie et al.
Thus the MCA appears to exert greater sensitivity to changes in ET CO 2 than the ICA. The current observations have important implications for the study of CVR, a measurement used often as an index of cerebrovascular health (11, 14) . Many studies of CVR take advantage of the accessible TCD method to study MCA CBFV responses to HC [see Topicuoglu (15) and Tsivgoulis et al. (16) for review]. A long-standing assumption of TCD is that the diameters of the large subcortical vessels being interrogated change little so that flow velocity is proportionate to changes in total flow. Whereas this assumption found support using earlier MRI devices operating at 1.5 T (13, 17) , the improved resolution of current MRI technology exposed the reactivity of this conduit vessel to changes in ET CO 2 . Thus reliance on CBFV data underestimates the true change in CBF and this, of course, would underestimate the true values of CVR during both HC and HO. The magnitude of this error will depend on the vasodilatory sensitivity of the MCA that may vary with age, sex, disease, etc. Furthermore, the combined data from the current study, our previous report (4) , and that of Willie et al. (20) suggest that the magnitude of this error may change over the duration, and possibly dose, of the ET CO 2 challenge. These observations highlight the need for caution when interpreting CVR outcomes.
In contrast to the findings during HC, MCAv did not underestimate Q MCA during HO as we previously reported (4). The current data indicate that this constrictor pattern was delayed, relative to the more rapid dilation, not being observed until minute 4 of HO (Fig. 3B ) and even then there was not a significant difference between the percent change in MCAv and Q MCA . The slower and smaller effect of HO suggests that the MCA exists at a heightened level of contractile state at baseline levels of ET CO 2 such that its sensitivity for further constriction is diminished. This interpretation is consistent with the exponential nature of increase in CBF during the transition from HO to HC (4, 20) . The variability in findings between studies may be due to the approach that highlighted the peak response in our earlier report vs. the time course pattern in the current analysis. Also, interindividual variability and the overall smaller response to HO will add to betweenstudy variations. Another source of variability could be the difference in ET CO 2 between the Lab and MRI sessions. In the future, this issue could be resolved with clamping of ET CO 2 levels to ensure that the same stimulus was attained on both the Lab and MRI day.
In the current approach, the changes in flow observed in the ICA were driven primarily by the changes in CBFV that, in turn, resulted from dilation or constriction of the downstream vessels. Conversely, the changes in flow at the MCA resulted from a combination of the change in velocity (reflecting changes in downstream vascular conductance) and the change in MCA CSA. Thus five important conclusions relevant to CVR assessment can be made from the current observations. First, use of velocity data alone underestimates the change in Q MCA . Second, measures of ICA flow reflect more accurately the CVR outcome with HC than MCA mean flow velocity and CVR calculated using Q ICA provides a similar estimate to that calculated from Q MCA when MRI technology is not available, at least within the timeframe of the current paradigm. Third, the subcortical cerebral vessels, such as the MCA, contribute importantly to the CVR outcome. Fourth, reactivity of cerebrovascular segments appears to increase when moving from the ICA to the MCA and possibly beyond. Fifth, CVR appears to change over time during application of a 5-min stimulus and this should be considered when quantifying CVR.
This project provides, to our knowledge, the first insight into ET CO 2 -induced changes in WSS in the M1 segment of the MCA and in the ICA of humans. Of course, calculating WSS using a derivation of the Hagen-Poiseuille equation in human pulsatile flow ignores assumptions of laminar Newtonian fluid flowing through straight rigid cylindrical tubes. Also, the values presented here are calculated from flow data that are averaged over time and cannot be used to consider peak and nadir values observed during systole and diastole. Therefore, the values of WSS presented here must be considered to be approximates only and qualitative in nature. With these constraints, WSS increased during HC by ϳ40% in the ICA and 15% in the MCA. Thus the dilatory response in the MCA appears to have prevented the large increase in shear stress that was present in the ICA. Likely, a hypercapnia-induced increase in flow in blood vessels downstream to the MCA increased shear stress at the MCA that initiated the vasodilation. In addition, these data suggest that the ICA is relatively insensitive to acute flow-mediated dilatory stimuli. Based on what has been documented about the time course of flow-mediated dilation in the periphery, and in particular the brachial artery, peak dilation is observed ϳ60 s after a stimulus in young subjects (2) . It appears that this same flow-mediated mechanism does not play a role in stimulating dilation in the ICA. However, ICA dilation does appear to begin near the end of the 5-min CO 2 stimulus (Fig. 1B) consistent with the significant dilation observed in this vessel following 15 min of hypercapnia (20) . Therefore, it seems unlikely that flow-mediated ef- fects play a role in ICA dilation and at this point the reasons for this are unknown. This study is limited by the fact that the current design could not rule out the effects of blood pressure on our estimates of CSA and Q. Dynamic cerebral autoregulation is reduced during HC (10) resulting in greater fluctuations in CBF with pressure. Thus the increase in blood pressure during HC could contribute as a stimulus for increased flow and, perhaps, contribute to the apparent dilation at the MCA. However, such an impact of blood pressure is unlikely in the current study because the increase in MAP at the first minute of HC was small (from 82 Ϯ 8 to 83 Ϯ 8 mmHg) and a significant dilation was already observed. Another limitation is that the MRI and Lab sessions were performed on different days and on average the interval between tests was 101 Ϯ 74 days. In five subjects the 2 test days were separated by 22 days but an upgrade of our MRI system resulted in a delay for the remaining participants. To assess reproducibility, we determined CBFV CVR in one subject during HO and three subjects (all males) during HC on two durations separated by 29 Ϯ 24 days. The ICC between test days was 0.81 (P Ͻ 0.001). Additionally, we have compared estimates of CBFV on separate days (TCD and phase contrast imaging) that were performed 53 Ϯ 48 days apart and the ICC was 0.83 (P Ͻ 0.001) (4) .
Additionally, we did not control for menstrual cycle in this study. Cerebrovascular resistance may change over the course of the menstrual cycle (8), but whether or not menstrual cycle phase alters the MCA CSA response to HC remains to be determined. Also, we did not clamp PO 2 during HC or HO. However, when measured independently of the current study end tidal PO 2 increased from 104 Ϯ 8 to 136 Ϯ 4 mmHg during HC (n ϭ 4) and during HO from 116 Ϯ 4 to 136 Ϯ 5 mmHg during HO (n ϭ 3). Based on the findings of Willie et al. (20) we speculate that this change in PO 2 would have little effect on CBFV or CSA outcomes because an increase in arterial PO 2 to 320 mmHg only decreased MCAv by ϳ4 cm/s on average and decreased ICA diameter by 0.03 cm. Lastly, the statistical powers achieved for MCA CSA changes across minutes 1 to 5 are as follows: 0.42, 0.35, 0.71, 0.75, and 0.34, respectively.
The differences in statistical power between the current and previous studies can be explained on the basis of the different methodological approach that minimized variability in the previous study. Specifically, in our previous work (4) the achieved power was 0.87 and was based on the peak response over a 5-min stimulus. In contrast, the current study focused on effect sizes at each time point, increasing exposure to interindividual differences in the rate of MCA dilation. During HO, the achieved powers are Ͻ0.6 at all time points due to a smaller overall response.
In summary, this study supports the conclusion that the CSA of the MCA increases by the first minute of HC. In contrast, the change in MCA CSA during HO was not detected until the fourth minute. Moreover, no changes in the CSA of the ICA were detected within the 5-min stimulus period. Thus, in support of our previous findings, TCD MCAv underestimates changes in Q MCA during HC but less so during HO (4). The similar relative changes in CBF between the ICA and MCA suggest that the use of duplex ultrasound to evaluate ICA flow could be used as a surrogate measure of CVR when MCA diameters are not accessible. 
